Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the most predominant type of pancreatic cancer, accounting for more than 90% of new pancreatic cancer cases. 1 This disease still remains a therapeutic challenge since only minor significant advances have been achieved, and always with a modest clinical impact. 2 Despite its moderate incidence when compared to other carcinomas, PDAC has one of the highest mortality rates, and very low survival improvements have been made over the past 30 years. 3 This fact is mainly due to asymptomatic features leading to a late diagnosis in an advanced state of the disease, where early and aggressive metastization to distant organs has already occurred. The overall median survival is 2-8 months, and only 1%-4% of all patients with pancreatic carcinoma survives for 5 years. 4 Therefore, there is a pressing need for developing new and efficient therapeutic strategies for pancreatic cancer.
Accumulated evidence has shown that microRNAs are key regulators in cancer, managing a variety of biological processes relevant for tumor development such as proliferation, angiogenesis, and metastization, and therefore they constitute highly promising targets for antitumor therapies. 5 These endogenous small noncoding RNA molecules of approximately 22 nucleotides display a critical role as epigenetic regulators of gene expression, acting posttranscriptionally through binding to their target messenger RNA (mRNA), resulting in translation inhibition. Microarray technology has revealed differential microRNA expression patterns depending on the tissue and cell type, and even on the developmental stages of a tumor. In the latter case, the cellular phenotype originated by the disruption of microRNA regulation is not yet well established, demanding a deeper and meticulous investigation. 6 At early stages of cancer progression, profound alterations occur in microRNA levels, and oncomiR become overexpressed, whereas tumor-suppressor microRNAs become downregulated, leading to tumor growth and/or repression of apoptosis. A large number of studies have shown that microRNAs, such as the aberrantly expressed microRNAs miR-21, miR-221, miR-222, and miR-10b, act as leading mediators in cancer due to their ability to support tumoral development and cancer cell resistance to chemotherapy. [7] [8] [9] MiR-21 was shown to regulate the function of several tumor suppressor genes, including PTEN, a phosphatase and tensin homolog gene that negatively regulates the PIK3/Akt survival pathway. [10] [11] [12] [13] miR-221 and miR-222 are known to target the cyclin-dependent kinase inhibitor p27 Kip1 , which exerts its antiproliferative action at the G1 phase of the cell cycle, its function being frequently inactivated in many lethal human epithelial cancers. 14, 15 A few studies have identified miR-10b as a tumor promoter that determines the extent of the expression levels of the homeobox D10 (HoxD10) gene and consequently the RHOC prometastatic gene as a downstream signaling target, both of these genes being involved in metastatic processes in several types of cancers. 16, 17 The increase of tumor suppressor gene expression has been a successful approach in antitumor strategies, particularly by promoting cell chemosensitivity to a broad range of therapeutic drugs used in cancer treatment. 18 For instance, downregulation of miR-21 was reported to directly reinforce susceptibility of breast cancer cells to chemotherapy. 10 Modulation of gene expression involves delivery of oligonucleotides against the overexpressed microRNAs. In this regard, cationic liposome/DNA complexes ("lipoplexes") have been extensively studied, aiming at developing appropriate nanosystems for nucleic acid delivery. 19, 20 Much effort has been devoted to the synthesis of new cationic lipids, selection of different helper lipids, and association of proteins or fusogenic peptides aiming at enhancing lipoplex biological activity. [21] [22] [23] [24] Coating cationic liposomes with the most abundant plasma protein, albumin, alleviates some of the undesired interactions between cationic liposome/DNA complexes and serum components, and facilitates intracellular gene delivery by inducing lipoplex binding and uptake into target cells and by promoting endosome membrane destabilization under acidic conditions. 25, 26 Our previous observations indicated that association of albumin to lipoplexes, prepared with 1-palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocholine (EPOPC):cholesterol (Chol) cationic liposomes at the 4/1 lipid/DNA (+/−) charge ratio, strongly increases their transfection activity with reporter and therapeutic genes in several types of cells, both in vitro and in vivo, showing the high gene delivery efficiency of this nanosystem. 27, 28 Nevertheless, the human serum associated (HSA)-EPOPC:Chol/ DNA (+/−) (4/1) lipoplex nanoformulation was never tested as an oligonucleotide delivery system.
Although gemcitabine constitutes the current front line therapy for pancreatic cancer, with a better outcome in unresectable tumor cases, new drugs are becoming the focus of attention for the treatment of progressive pancreatic neuroendocrine tumors, namely sunitinib malate, which has been recently approved for this purpose in clinical trials. 29, 30 Sunitinib is a competitive inhibitor of the catalytic activity of a strictly related receptor tyrosine kinase (RTK) group, including vascular endothelial growth factor receptors and plateletderived growth factor receptors, and due to its multitargeted profile, the activity of sunitinib is likely mediated by multiple distinct antitumor mechanisms. 31 This drug acts by blocking the activity of those RTKs in major pathways related with tumor growth, proliferation, and metastasis dispersal, thus exhibiting a potent antitumor and antiangiogenic effect. 32 For patients with advanced stage of pancreatic adenocarcinoma who have been first submitted to gemcitabine-based treatments with no significant results, there are no reliable second line therapies, and sunitinib has already been pointed out as a promising drug for treating such patients. 33 Considering the instrumental role of microRNAs in tumorigenesis and the success of combining several drugs targeting major effectors of the tumorigenic process as the most promising treatment for this disease, we evaluated the potential of a new therapeutic strategy based on the combination of low amounts of chemotherapeutic drugs and oligonucleotides against different microRNAs, delivered by the developed albumin-associated nanosystem, aiming at achieving a significant and synergistic antitumor effect in PDAC.
Materials and methods cell lines and culture conditions
The Hs766T cell line was obtained from American Type Culture Collection (Manassas, VA, USA) and used as an
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Novel therapeutic strategy for pancreatic cancer in vitro tumoral model for human pancreatic carcinoma. The cells were maintained in adherent culture using Dulbecco's Modified Eagle's Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 100 μM each of penicillin and streptomycin from SigmaAldrich (St Louis, MO, USA). HPNE, an immortalized normal pancreatic epithelium cell line, was kindly provided by Dr Ming-Sound Tsao from the Ontario Cancer Institute (Toronto, ON, Canada). HPNE cells were grown in keratinocyte serum-free medium, supplemented with epidermal growth factor, bovine pituitary extract, and 1× antibioticantimycotic (all reagents from Thermo Fisher Scientific). Both Hs766T and HPNE cells were grown at 37°C, under 5% CO 2 , in humidified atmosphere.
antisense inhibitors and drugs
Anti-microRNA oligonucleotides (AMOs) against miR-221, miR-222, miR-21, and miR-10b and scrambled oligonucleotides (control), as well as 5′-fluorescein-labeled oligonucleotides for confocal microscopy and digoxigenin (DIG)-labeled oligonucleotides for miR-21 detection, were all purchased from Exiqon (Vedbaek, Denmark) as miR-CURY locked nucleic acids (LNA TM ). The chemotherapeutic drugs docetaxel and gemcitabine were purchased from Sigma-Aldrich, and stock solutions were prepared in distilled water and subsequently stored at -20°C and at room temperature, respectively. Sunitinib malate (Sutent ® ) was kindly offered by Pfizer, Inc. (New York, NY, USA), and the stock solutions were prepared in dimethyl sulfoxide (Sigma-Aldrich) and stored at -20°C.
Preparation of cationic liposomes and lipoplexes
Small unilamellar cationic liposomes were prepared with lipids (Avanti Polar Lipids, Alabaster, AL, USA) dissolved in CHCl 3 . The cationic lipid EPOPC and Chol were mixed at the 1:1 molar ratio and dried under a nitrogen flux. The dried lipid film was then rehydrated with deionized water to a final lipid concentration of 4 mM. The obtained multilamellar liposomes were then submitted to sonication for 3 minutes and extruded 21 times through two staked polycarbonate filters of 50 nm pore diameter using a Lipofast device (Avestin Inc., Ottawa, ON, Canada) to obtain small unilamellar liposomes. Finally, the liposome suspension was diluted three times with deionized water and filter-sterilized using a 0.22 μm pore-diameter filter (Schleicher and Schuell BioScience, Dassel, Germany). The suspension was stored at 4°C until use.
For intracellular distribution studies, EPOPC:Chol liposomes were labeled with 0.1% carboxyfluorescein-dioleoylphosphatidylethanolamine. Lipoplex preparation was performed by adding the components in the following order: HEPESbuffered saline solution (100 mM NaCl; 20 mM Hepes, pH 7.4), liposome suspension in the appropriate amount to achieve the 4/1 (+/-) lipid/LNA charge ratio, and HSA solution at a ratio of 32 μg of HSA/μg of AMOs. This mixture was incubated at room temperature for 15 minutes, and the necessary amount of LNAs was gently added and submitted to a further 15-minute incubation period.
Mean diameter and zeta potential
Nanosystems were characterized with respect to their mean diameter and zeta potential using a Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK), which measures these parameters by a phase analysis light scattering method. The analysis was performed at 25°C in HEPESbuffered saline solution, and lipoplexes were prepared immediately before analysis.
Transfection assays
Transfection assays were performed in Hs766T cells using HSA-EPOPC:Chol/AMOs (+/-) 4/1 lipoplexes containing AMOs or scrambled oligonucleotides. For RNA expression analysis, 1.5×10 5 cells/well were seeded in 12-well culture plates 24 hours before transfection, aimed at achieving 80% of confluence. For target protein analysis, 3×10 5 cells/well were seeded in 6-well culture plates 24 hours before transfection. For cell viability assays, 0.35×10 5 cells/well were seeded in 48-well culture plates 24 hours prior to transfection. Before transfection, cell medium was replaced by DMEMhigh glucose (HG) medium without serum or antibiotics, and then 0.15 mL of lipoplexes per 1 mL of DMEM were gently added to each well and incubated with cells for 4 hours (5% CO 2 at 37°C). After this period of incubation, cell medium was replaced by DMEM-HG with serum and antibiotics, and cells were further incubated for 48 hours and 72 hours for RNA and protein analysis, respectively, and for 48 hours and 72 hours for cell viability assays.
Intracellular distribution of lipoplexes and oligonucleotides
In order to evaluate intracellular distribution of the nanosystems, Hs766T cells seeded in 12-well culture plates (previously covered with coverslips) 24 hours before transfection were incubated with lipoplexes prepared from carboxyfluorescein-labeled EPOPC:Chol liposomes for
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Passadouro et al 4 hours in DMEM-HG (without serum or antibiotics). The transfection medium was then removed, and cells were carefully washed twice with a phosphate-buffered saline solution (PBS) and incubated for 30 minutes with 200 nM of Lysotrack Red DND-99, purchased from Molecular Probes (Thermo Fisher Scientific), which labels acidic compartments of living cells. Cells were washed three times with PBS and fixed with 4% of paraformaldehyde solution for 15 minutes at room temperature. Nuclei labeling was accomplished through 5-minute incubation at room temperature with the fluorescent DNA binding dye Hoechst 33342 (1 μg/mL) (Thermo Fisher Scientific). Cells were then mounted in Mowiol 40-88 medium from Sigma-Aldrich, and images were taken in a confocal microscope (LSM-510 META; Carl Zeiss Meditec AG, Jena, Germany) using a 40× objective. For evaluation of cytoplasmic delivery of AMOs, lipoplexes were prepared with 100 nM of 5′-fluorescein-labeled AMOs, and cells were submitted to the previously described protocol in order to acquire confocal microscopy images.
extraction of total rNa and complementary DNa synthesis
Total RNA was isolated from transfected cells and purified using the miRCURY RNA Isolation Kit -Cell and Plant (Exiqon), following the manufacturer's protocol. Briefly, after cell lysis, the total RNA was adsorbed to a silica matrix, washed with the recommended buffers, eluted with elution buffer by centrifugation, and quantified in a Nanodrop UVVis spectrophotometer (Thermo Fisher Scientific).
For quantification of microRNA expression levels, one firststrand complementary DNA (cDNA) synthesis reaction was performed using the Universal cDNA Synthesis Kit (Exiqon), providing a template for all microRNA real-time assays, by performing a 60-minute incubation at 42°C, followed by a heat inactivation step of the reverse transcriptase for 5 minutes at 95°C. Finally, cDNA was diluted 1:60 with RNase free water and stored at 4°C. For determination of target mRNA expression levels, cDNA synthesis was performed using the One Strand cDNA Synthesis Kit purchase from BioRad (Hercules, CA, USA). cDNA was then incubated for 5 minutes at 25°C, 30 minutes at 42°C, followed by a heat inactivation step of the reverse transcriptase for 5 minutes at 85°C. Finally, cDNA was diluted 1:3 with RNase-free water and stored at 4°C.
Quantitative real-time Pcr
For quantification of microRNA expression levels, the resulting cDNA was submitted to real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) using the specific primer set for each microRNA under analysis, specifically miR-221, miR-222, miR-21, miR-10b, and the reference RNA (U6 small nuclear RNA), in combination with miRCURY LNA Universal RT microRNA PCR system from Exiqon. A master mix was designed for each primer set, according to the kit manufacturer's recommendations for the real-time PCR setup of individual assays. For each reaction, performed in duplicate, 6 μL of master mix were added to 4 μL of template cDNA. The reactions were monitored using a real-time instrument ABI Prism 7300 qPCR System from Applied BioSystems (Thermo Fisher Scientific). The PCR conditions were 10 minutes at 95°C for polymerase activation and 40 cycles of amplification with 10 seconds at 95°C and 1 minute at 60°C; ramp-rate 1.6°C/second. Threshold values for threshold cycle determination (Ct) were generated automatically by the StepOne Software v.2.2.2 from Applied Biosystems (Thermo Fisher Scientific, Waltham, MA, USA).
For quantification of target mRNA expression levels, the resulting cDNA was subjected to real-time qRT-PCR using the specific primer set for each target mRNA under analysis, obtained from Qiagen (Venlo, the Netherlands), and iQ SYBR Green Supermix Kit from BioRad. Each reaction was performed in duplicate, by adding 10 μL of master mix to 2.5 μL of template cDNA. The reaction conditions consisted of enzyme activation at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds (denaturation), 30 seconds at 55°C (annealing), and 35 seconds at 72°C (elongation).
For both microRNA and mRNA quantification, a melting curve protocol was started immediately after amplification and consisted of 1 minute heating at 55°C, followed by 80 steps of 10 seconds with a 2°C increase at each step. Threshold values for Ct determination were generated automatically by the StepOne Software v.2.2.2. Relative microRNA and mRNA levels were determined following the ΔΔCt method in comparison with control cells.
Western blot analysis
Seventy-two hours after transfection, Hs766T cells were washed twice with a PBS and solubilized in RIPA buffer (25 mM Tris-HCl, pH 7.7; 150 nM NaCl; 1% NP-40; 1% sodium deoxycholate; 0.1% sodium dodecyl sulfate) containing a protease inhibitor cocktail from Sigma-Aldrich, 2 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride. The whole-cell suspension was subjected to sonication for 3 seconds and centrifuged at 14,000 rpm for 8 minutes at 4°C. The supernatant was collected and stored at -20°C until use. Protein concentration was determined using the International Journal of Nanomedicine 2014:9 submit your manuscript | www.dovepress.com
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Novel therapeutic strategy for pancreatic cancer Bio-Rad Dc protein assay. Heat-denatured protein samples (40 μg per lane) were resuspended in loading buffer (20% glycerol, 10% sodium dodecyl sulfate, 0.1% bromophenol blue), loaded onto a 10% polyacrylamide gel, and resolved by electrophoretic separation. After electrophoresis, proteins were transferred to a polyvinylidene fluoride membrane (Millipore Corporation, Billerica, MA, USA). The membrane was blocked for nonspecific binding for 60 minutes in a Tris-buffered saline solution (TBS) containing 1% of Tween 20 (TBS-T) and 5% of bovine serum albumin (BSA), followed by incubation overnight at 4°C with primary antibodies: rabbit monoclonal antibody against p27
Kip1 protein (Cell Signaling Technology, Danvers, MA, USA), rabbit monoclonal antibody against PTEN protein (Cell Signaling Technology), rabbit monoclonal antibody against HoxD10 protein (Abcam, Cambridge, UK), and mouse monoclonal antibody against RHOC protein (Abcam). The primary antibodies were diluted at 1:2,000 in TBS-5% milk or TBS-5% BSA. The membrane was washed three times with TBS-T for 10 minutes and then incubated for 1 hour at room temperature with goat anti-rabbit antibody (GE Healthcare UK Ltd, Little Chalfont, UK) at a dilution of 1:10,000 as a secondary antibody for p27 Kip1 , PTEN, and HoxD10, and with a goat anti-mouse antibody (GE Healthcare) at a dilution of 1:10,000 as a secondary antibody for RHOC. The membrane was washed thoroughly in a TBS-T solution, and the bound antibody was detected using the enhanced chemifluorescence detection reagent (ECF; GE Healthcare), according to the manufacturer's recommendations. Images were obtained using a VersaDoc Imaging System Model 3000 from BioRad, and detection was performed at 570 nm. The analysis of band intensity was made using the Quantity One software also from BioRad.
Fluorescence in situ hybridization
Fluorescence in situ hybridization was performed as described by Lu Tween 20) for 2 hours at 52°C. The hybridization step was carried out overnight, at the same temperature, using the DIG-labeled LNA probe for miR-21 and a scrambled probe. Three stringency washes were performed also at 52°C to completely remove the nonhybridized probe. Endogenous peroxidase activity was inactivated by incubation in 3% hydrogen peroxide in TBS-T for 30 minutes, followed by three washes with TBS-T. The slides were then placed in blocking solution (10% heat-inactivated goat serum and 0.5% blocking agent in TBS-T) for 1 hour at room temperature and incubated for the same period of time with a hydrogen peroxide-conjugated anti-DIG antibody (Roche) purchased from Sigma-Aldrich. To amplify the antibody signal, slides were further incubated with a tyramide signal amplification plus cyanine 3 solution (PerkinElmer Inc., Waltham, MA, USA) for 10 minutes in the dark, in accordance with the manufacturer's protocol. Cells were finally stained with the fluorescent DNA-binding dye Hoechst 33342 (1 μg/mL) (Thermo Fisher Scientific) for 5 minutes in the dark, washed with cold PBS, and mounted in Mowiol 40-88 medium. Confocal images were acquired using a point scanning confocal microscope Zeiss LSM 510 Meta, using a 60× oil objective.
cell viability assays
Cellular viability and proliferation were evaluated by a modified alamar blue assay, under different experimental conditions. 35 This assay measures the redox capacity of tumoral cells and allows the determination of cell viability without cell detachment. To evaluate the effect of the combined strategies involving AMOs and chemotherapeutic drugs, cells were seeded onto 48-well culture plates and transfected as mentioned in the section "Transfection assays". Twenty-four hours after transfection, cells were treated with different amounts of drugs for a period of 24 hours, and cell viability was then measured. Briefly, 300 μL of DMEM-HG medium containing 10% (v/v) alamar blue dye (prepared from a 0.1 mg/mL stock solution of alamar blue) was added to each well, and cells were incubated at 37°C for 1 hour in a 5% CO 2 humidified atmosphere. One-hundred and fifty microliters of supernatant was collected from each well, transferred to 96-well plates, and absorbance was measured at 570 nm and 600 nm in a SPECTRAmax PLUS384 spectrophotometer (Molecular 
Results and discussion
Efficient oligonucleotide delivery mediated by hsa-ePOPc:chol/aMOs (+/-) (4/1) lipoplexes
Cationic liposomes brought new insight into bionanotechnology by facilitating the introduction of nucleic acids into target cells, thus allowing a controlled modification of their genetic expression profile and, consequently, a specific effect. 23, 36, 37 However, most of the nanosystems based on cationic liposomes have been applied for DNA delivery, but whether these carriers have the ability to promote efficient and controlled release of oligonucleotides into tumor cells has yet to be demonstrated. Therefore, our initial studies addressed the potential of a previously developed gene delivery formulation, HSA-EPOPC:Chol/DNA (+/-) (4/1), to efficiently release AMOs targeting overexpressed microRNAs involved in cancer, towards the generation of a new therapeutic approach.
The analysis of the physicochemical properties of our HSA-EPOPC:Chol/AMOs (+/-) (4/1) formulation reveals a neutral zeta potential (0.4±1.5 mV), which is most probably due to the presence of HSA that masks the positive charge from cationic liposomes and a mean diameter of approximately 450 nm. This neutral zeta potential indicates that the interaction of lipoplexes with the negatively charged cellular membrane is not due to electrostatic interactions, but rather to the interaction of the associated HSA with cytoplasmic membrane receptors. 26 The cellular internalization of these lipoplexes, prepared from carboxyfluorescein-labeled liposomes, was evaluated in a PDAC cell line (Hs766T cells) by confocal microscopy. As illustrated in Figure 1A 
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Novel therapeutic strategy for pancreatic cancer nanosystem. Moreover, the results presented in Figure 1A show that lipoplexes (green fluorescence) were not colocalized with the lysosomal compartments (red fluorescence), suggesting their successful release from the endolysosomal pathway to the cytoplasm, consequently avoiding nucleic acid degradation inside the lysosomes. In order to evaluate the efficacy of the HSA-EPOPC:Chol/ AMOs (+/-) (4/1) nanosystem to mediate the intracellular delivery of AMOS, Hs766T cells were transfected with lipoplexes prepared with fluorescein-labeled oligonucleotides. As shown in Figure 1B , 4 hours after transfection, fluorescent particles (green dots) were homogeneously distributed throughout the cytoplasm of almost all cells. This observation suggests that the HSA-EPOPC:Chol/AMOs (+/-) (4/1) lipoplex formulation has the ability to efficiently complex AMOs, promote binding and internalization into tumor target cells, and deliver their content into the cell cytoplasm, showing that this nanosystem presents great potential to be used in antitumor strategies involving the delivery of AMOs.
robust microrNa inhibition after transfection with hsa-ePOPc:chol/ aMOs (+/-) (4/1) lipoplexes
Each type of cancer can be characterized by a distinct microRNA signature, and emerging evidence indicates that several microRNAs, such as miR-221/miR-222, miR-21, and miR-10b, display a significant role in managing tumor survival and aggressiveness. 38 MiR-221 and miR-222 are known to target the tumor suppressor gene coding for the cyclin-dependent kinase inhibitor p27 Kip1 , and their role was established in PDCA as key inhibitors of cell cycle arrest, apoptosis, and sensitization of cells to gemcitabine. 7, 15, 39 Upregulation of these two microRNAs is often related with poor patient survival rate. 40, 41 MiR-21 has been identified as an upregulated microRNA in almost all cancer types, including PDAC, and among other important microRNAs involved in tumoral regulation, miR-21 stood out as the one with most significant expression in PDCA associated to metastatic status or proliferation index. 42, 43 Studies performed by Nakata et al indicated that miR-10b is also an upregulated microRNA in pancreatic cell lines, with up to 10-fold increased levels as compared to normal cells. 17 Moreover, these authors showed that transfection with miR-10b was associated with invasiveness of pancreatic cancer cell lines, making miR-10b another important microRNA to be manipulated towards the development of new PDAC therapies.
Although this group of four upregulated microRNAs have been pointed out as key regulators of tumorigenesis, involved in processes such as proliferation, angiogenesis, and metastization, there are other important microRNAs implicated in these major biological processes that also constitute vital targets in oncogenesis.
In order to determine the expression profile of miR-221, miR-222, miR-21, and miR-10b in an in vitro metastatic model of pancreatic adenocarcinoma, the levels of these microRNAs were measured in Hs766T cells. As illustrated in Figure 2 , these four microRNAs are differentially expressed in this cell line. The microRNA cluster miR-221/ miR-222 is more prominently overexpressed (14-fold and 8 fold-increase, respectively) than miR-21 and miR-10b, both exhibiting a 3-fold-increase in their expression levels when compared with those obtained in an in vitro model of normal pancreatic epithelium (HPNE cell line).
Following the demonstration of the feasibility of the HSA-EPOPC:Chol-based nanosystem to mediate efficient delivery of AMOs, we evaluated the effect of intracellularly delivered anti-microRNAs to promote microRNA silencing. For this purpose, Hs766T cells were transfected with lipoplexes containing antisense oligonucleotides targeting miR-221, miR-222, miR-21, or miR-10b (scrambled oligonucleotides were used as a control), and the expression levels were analyzed for each microRNA after 48 hours. As shown in Figure 3A , a significant reduction in the levels of all tested microRNAs was obtained when cells were transfected with 80 nM of AMOs. In the case of miR-21, nearly to 99% of microRNA silencing was achieved. A similar inhibition pattern was observed for miR-10b, with a 94% decrease in 
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Passadouro et al its levels, and a maximum inhibition of 79% and 89% was attained for the expression levels of miR-221 and miR-222, respectively. Concentrations of AMOs higher than 80 nM did not show further significant improvement in reducing the levels of microRNAs, and lower concentrations resulted in a lesser efficacy of microRNAs inhibition (data not shown), revealing that 80 nM was the optimal AMOs concentration to promote microRNA silencing. The efficient miR-21 silencing in Hs766T cells was also evident from fluorescence in situ hybridization experiments. Figure 3B 
MicrorNa targets are differentially modulated in PDac
In previous reports, p27 kip1 protein was shown to play an important role in regulating cell cycle arrest, being described as a potential target in prostate cancer treatment, 40 and both miR-221 and miR-222 were considered as potent regulators of cell cycle through p27 kip1 protein. 39 On the other hand, Meng et al 11 and Liu et al 44 pointed to miR-21 as responsible for directly modulating the expression of the PTEN gene in hepatocarcinoma, showing that the decrease of miR-21 levels results in the decline of hepatocarcinoma cell proliferation, acceleration of apoptosis, and cell invasiveness decay. PTEN is a tumor suppressor factor, directly acting as a central negative regulator in playing a dual phosphatase activity in the PI3K signaling pathways, which in turn control major biological processes such as cellular growth, proliferation, and protein synthesis. Several reports have suggested PTEN is an important mediator of carcinogenesis in pancreas. 45, 46 However, tumor samples collected from pancreatic cancer patients exhibit only an estimated 1% of PTEN mutations, which points towards the hypothesis of posttranscriptional regulation of the expression levels of the PTEN gene, most likely involving microRNAs as the most important mechanism in this process. 47 MiR-10b was also identified as a microRNA with altered expression patterns in several cancers, being associated to suppression of HoxD10 protein synthesis and consequently allowing the expression of the RHOC gene, as a downstream signaling target, which is known to be involved in metastatic processes by inducing cell migration. 16, [48] [49] [50] The recognized oncomiR activity of these four microRNAs and their demonstrated deregulation in PDAC make them promising targets for new therapeutic strategies involving AMO delivery. In this regard, we further evaluated the effect of microRNA silencing on the mRNA and protein levels of the molecular targets p27 . after 48 hours, cells were subjected to mir-21 labeling with 5′ DIg lNa probes (red dots). Nuclear staining was accomplished using hoescht 33342 (1 μg/ml). results are representative of triplicates of three independent experiments. Abbreviations: aMOs, anti-microrNa oligonucleotides; DIc, differential interference confocal microscopy; chol, cholesterol; DIg, digoxigenin; ePOPc, 1-palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocholine; FISH, fluorescence in situ hybridization; hsa, human serum albumin; LNA, locked nucleic acid; miR, microRNA; rT-Pcr, reverse transcription polymerase chain reaction.
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Novel therapeutic strategy for pancreatic cancer despite successful microRNA inhibition mediated by the developed nanosystem ( Figure 3A) , the AMOs targeting miR-221 and miR-222 were not able to significantly increase the p27 kip1 mRNA levels ( Figure 4A ). The lack of total inhibition of miR-221 and miR-222 levels observed after cell transfection might be responsible for this effect. In fact, the remaining miR-221 and miR-222 in cell cytoplasm could be sufficient to induce the posttranscriptional inhibition of the p27 kip1 gene. On the other hand, it is also possible that miR-221 and miR-222 are not able to induce cleavage of p27 kip1 mRNA, but rather its translational repression by a less efficient mechanism, justifying the absence of a significant increase in the p27 kip1 mRNA levels after treatment with anti-miR-221 or anti-miR-222 oligonucleotides. 51 As shown in Figure 4B , miR-21 silencing resulted in an increase of approximately 40% in PTEN mRNA levels after cell treatment with AMOs, which is most probably due to the almost total miR-21 silencing induced by the anti-miR-21 oligonucleotides (Figure 3) . Regarding miR-10b inhibition, two targets were addressed: HoxD10, as a direct target, and RHOC, as a downstream target but still the main regulator of an important pathway related with cell migration. Transfection of Hs766T cells with 80 nM of anti-miR-10b oligonucleotides promoted a 1.9-fold increase in the mRNA levels of HoxD10 gene and 27% decrease in the mRNA levels of RHOC when compared to that observed with cells treated with scrambled oligonucleotides ( Figure 4C ). This result meets the expected outcome since HoxD10 exerts its regulatory role in the transcription levels of its downstream target, RHOC, negatively setting the expression levels of this gene. 50 Although no significant changes in p27 kip1 mRNA levels were observed after cell treatment with AMOs targeting miR-221 and miR-222, Western blot analysis showed an approximately 1.1-fold and 1.6-fold increase of p27 kip1 protein levels following treatment with anti-miR-221 and antimiR-222 oligonucleotides, respectively ( Figure 5A and B) . The difference found for the increase of p27 kip1 expression could be due either to an insufficient miR-221 inhibition (Figure 3 ), thus avoiding significant increase of the protein levels, or to a predominant role of miR-222 in the posttranscription regulation of the p27 kip1 gene. The combination of both AMOs, simultaneously targeting miR-221 and miR-222, did not result in a significant increase of the p27 kip1 mRNA and protein levels when compared to that observed with anti-miR-222 alone (data not shown).
Regarding PTEN protein expression levels, it was observed that the almost total miR-21 silencing (Figure 3 ) promoted by transfection of Hs766T cells with lipoplexes containing 80 nM of AMOs against this microRNA resulted in a substantial enhancement in the PTEN levels. In fact, in these conditions, an increase of 60% in the expression levels of this protein was obtained when compared to that observed with Hs766T cells treated with the same amount of scrambled oligonucleotides, showing that our strategy successfully modulates PTEN protein levels.
In the case of HoxD10 and RHOC, although mRNA levels were modulated towards an antitumoral profile, the analysis performed by Western blot showed no significant alterations in the protein levels after miR-10b silencing. Despite the effective silencing of miR-10b induced by AMOs treatment, the inability to successfully change HoxD10 and RHOC protein levels led us to consider that both effectors might have a multiplicity of regulators in PDAC that promote their translational repression, which probably demands a more broad strategy to modulate their expression levels.
Overall combination of oligonucleotides against mir-21 with sunitinib results in a synergistic antitumor effect in PDac Gemcitabine has long been the only standard treatment for pancreatic cancer, but increasing resistance over time impelled researchers to seek other drugs in order to improve patient survival. Docetaxel has been used in combination with gemcitabine as front line therapy to reduce the size of the tumor and overcome its metastatic phase. Nevertheless, neither of these drugs or their combination were revealed to be an effective treatment for pancreatic cancer. 52 On the other hand, sunitinib malate, a potent RTK inhibitor, has been demonstrated to be a successful drug in neuroendocrine pancreatic cancer clinical trials, and new data points towards a more meaningful treatment for this disease. 53 The possibility of combining the inhibition of microRNAs, thus sensitizing cancer cells by decreasing some of their main regulators of tumorigenesis, with chemotherapeutic drugs that have shown high potential in clinical trials emerged as a promising antitumor strategy. Indeed, combining two or more therapeutic approaches with different mechanisms can exert a synergistic effect over cancer progression and tumor resistance to chemotherapeutic drugs. 54 In this regard, we investigated whether a two-step, sequential treatment involving the modulation of aberrantly expressed microRNAs to sensitize tumoral cells to the action of drugs, and the subsequent treatment with chemotherapeutic agents could result in a significant and synergistic antitumor effect. For this purpose, we evaluated the in vitro antitumor activity mediated by HSA-EPOPC:Chol/AMOs (+/-) (4/1) lipoplexes, containing oligonucleotides against miR-221, miR-222, or miR-21 (since these AMOs presented the most promising results in terms of tumor suppressor gene modulation in our PDAC model) in combination with small amounts of chemotherapeutic drugs, docetaxel, gemcitabine, or sunitinib malate. From the results obtained using different doses for each chemotherapeutic agent (data not shown), only the lower concentration resulting in a small but still significant effect on tumor cell viability was chosen to be applied in the combined strategies (1 μM docetaxel, 5 μM gemcitabine, and 15 μM sunitinib). These low amounts of drugs were used to avoid the adverse effects that are usually associated with the higher clinical doses of chemotherapeutic agents. As illustrated in Figure 6 
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Novel therapeutic strategy for pancreatic cancer sunitinib malate resulted in a decrease of approximately 16%, 10%, and 18% in cell viability, respectively. The impact of microRNA inhibition per se on cell viability was even smaller than that observed with the low amounts of chemotherapeutic drugs alone, this being verified for any of the three studied microRNAs, miR-21, miR-221, or miR222 ( Figure 6 ). Although target protein expression levels were substantially increased upon microRNA silencing ( Figure  5 ), a reduction of only approximately 5% in the viability of Hs766T cells was obtained when compared to that observed in the control condition (cells treated with scrambled oligonucleotides). Nevertheless, in agreement with other authors, this is an expected result since this kind of approach represents a finetuning of molecular signaling rather than a single molecular effector with major impact on cell metabolism/viability. 55, 56 Combination of AMOs with chemotherapeutic drugs did not result in any significant therapeutic effect in the case of docetaxel or gemcitabine, as no further considerable reduction in cell viability was achieved ( Figure 6A and B). However, when Hs766T cells were sequentially treated with AMOs (against miR-21, miR-221, or miR-222) and sunitinib, a substantial reduction in cell viability was observed as compared to the extent of cell death (21%) registered with scrambled oligonucleotides and sunitinib ( Figure 6C ). Importantly, cell treatment involving the combination of oligonucleotides anti-miR-21 with sunitinib resulted in a cell viability decrease of approximately 45%, showing that this combined strategy promoted a significant and synergistic antitumor effect, which was much higher than that observed with any of the two strategies by themselves ( Figure 6C ). PTEN, a direct miR-21 target, is an important cell cycle regulator, and therefore its upregulation ( Figure 5C and D) strongly affects apoptosis signaling pathways, inducing cell sensitization to sunitinib. Moreover, miR-21 has been pointed out to have great impact in almost all types of cancers since it targets many important protein mediators involved in tumorigenesis, which could also contribute to the high and synergistic antitumor effect of this combined strategy. [57] [58] [59] On the other hand, miR-221 or miR-222 inhibition followed by treatment with sunitinib promoted a smaller, but still considerable, increase in the antitumor effect, inducing a decrease of 32% in cell viability ( Figure 6C) . A similar result was obtained with a combined treatment involving simultaneous transfection with anti-miR-221 and anti-miR-222 oligonucleotides (data not shown). Although a different modulation of p27 kip1 expression levels was obtained with anti-miR-221 and anti-miR-222 oligonucleotides ( Figure 5A and B) , a similar reduction in cell viability was observed, showing that these microRNAs may also target other molecular regulators with a crucial role in carcinogenesis that have not been addressed in this study. 60 The results obtained with these combined approaches, involving the PDAC cell treatment with AMOs (against miR-21, miR-221, or miR-222) and sunitinib ( Figure 6C ) are even more remarkable considering the fact that the same combined strategies involving the drugs gemcitabine or docetaxel ( Figure 6A and B) , which represent the therapeutic front line for PDAC, promoted a much lower antitumor activity.
Conclusion
Overall, our results clearly show that the HSA-EPOPC:Chol/ AMOs (+/-) (4/1) nanosystem has the ability to efficiently deliver antisense oligonucletides into PDAC cells, inducing an almost total inhibition of microRNAs (miR-21, miR-10b, miR-221, and miR-222) aberrantly expressed in this cancer model. Moreover, our data constitute evidence that the strong reduction in the levels of these microRNAs resulted in a significant modulation of their targets, this being particularly evident for miR-21 and miR-221/ miR-222, where their inhibition promoted a significant increase in the levels of their protein targets, PTEN and p27
Kip1 protein, respectively. With this work we demonstrate for the first time the notable synergistic antitumor effect in PDAC cells promoted by the combination of microRNA inhibition with low amounts of the chemotherapeutic drug sunitinib, which is much higher than that obtained with any of the two strategies by themselves. This combined strategy could be of great importance for clinical application in this disease due to the high therapeutic activity and the reduced side effects associated with the use of low drug concentrations.
